Prolactin (PRL) acts as a survival factor for breast cancer cells, but the PRL signaling pathway and the mechanism are unknown. Previously, we identified the master chaperone, heat shock protein 90 (HSP90) a, as a prolactin-Janus kinase 2 (JAK2)-signal transducer and activator of transcription 5 (STAT5) target gene involved in survival, and here we investigated the role of HSP90 in the mechanism of PRL-induced viability in response to DNA damage. The ataxia-telangiectasia mutated kinase (ATM) protein plays a critical role in the cellular response to double-strand DNA damage. We observed that PRL increased viability of breast cancer cells treated with doxorubicin or etoposide. The increase in cellular resistance is specific to the PRL receptor, because the PRL receptor antagonist, D1-9-G129R-hPRL, prevented the increase in viability. Two different HSP90 inhibitors, 17-allylamino-17-demethoxygeldanamycin and BIIB021, reduced the PRL-mediated increase in cell viability of doxorubicin-treated cells and led to a decrease in JAK2, ATM, and phosphorylated ATM protein levels. Inhibitors of JAK2 (G6) and ATM (KU55933) abolished the PRL-mediated increase in cell viability of DNAdamaged cells, supporting the involvement of each, as well as the crosstalk of ATM with the PRL pathway in the context of DNA damage. Drug synergism was detected between the ATM inhibitor (KU55933) and doxorubicin and between the HSP90 inhibitor (BIIB021) and doxorubicin. Short interfering RNA directed against ATM prevented the PRL-mediated increase in cell survival in two-dimensional cell culture, threedimensional collagen gel cultures, and clonogenic cell survival, after doxorubicin treatment. Our results indicate that ATM contributes to the PRL-JAK2-STAT5-HSP90 pathway in mediating cellular resistance to DNA-damaging agents. (Endocrinology 159: 907-930, 2018) P rolactin (PRL) is an essential mediator of mammary gland development, stimulating the mammary alveolar cell proliferation and differentiation during pregnancy and lactation (1); however, it also plays an important role in the pathogenesis and progression of breast cancer (2) Abbreviations: 2D, two-dimensional; 3D, three-dimensional; 17-AAG, 17-allylamino-17-demethoxygeldanamycin; ANOVA, analysis of variance; ATM, ataxia-telangiectasia mutated kinase; BRCA1, breast cancer-1; BSA, bovine serum albumin; cDNA, complementary DNA; CI, combination index; DMSO, dimethyl sulfoxide; ECL, enhanced chemiluminescence; ER, estrogen receptor; GRB2, growth factor receptor-bound protein 2; hPRL, human prolactin; HRP, horseradish peroxidase; HSP90, heat shock protein 90; JAK2, Janus kinase 2; MRN, Mre11-Rad50-Nbs1; mRNA, messenger RNA; oPRL, ovine prolactin.; p-ATM, phosphorylated ataxia-telangiectasia mutated kinase; PBS, phosphate-buffered saline; PPARg, peroxisome proliferator-activated receptor g; PRL, prolactin; PRLR, prolactin receptor; p-STAT5, phosphorylated signal transducer and activator of transcription 5; qPCR, quantitative polymerase chain reaction; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; siATM, short interfering RNA directed against ataxia-telangiectasia mutated kinase; siNT, nontargeting short interfering RNA; siRNA, short interfering RNA; STAT5, signal transducer and activator of transcription 5; TBST, Tris-buffered saline and polysorbate 20; TEL2, telomere maintenance-2; w/v, weight-to-volume ratio; YWHAZ, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein z.
including possible resistance to cytotoxic drugs (5, 6) . There is much that we do not understand about the contribution of PRL and the PRL receptor (PRLR), as there is a spectrum of reports regarding their role. Epidemiological studies have shown that increased circulating PRL levels are positively correlated with increased breast cancer risk, disease recurrence, and poor outcome (7) (8) (9) . The role of PRL in mouse mammary cancer initiation (10, 11) and human breast cancer progression (7, 12) has become increasingly recognized as a contributor to the disease. However, some retrospective studies of PRLR gene expression have been associated with a favorable prognosis (13, 14) . This finding contrasts with functional studies that indicate the PRLR functions in human breast epithelial cell transformation (15) and metastasis (16) . There are multiple PRLR isoforms, created by alternative splicing, that display different signal transduction capacities in the cytoplasm (17) (18) (19) (20) ; their specific functions have not been fully elucidated (2) . It has been demonstrated that autocrine PRL is also produced in human breast tumors (21) . PRL promotes cell survival (21) (22) (23) (24) (25) and is associated with poor relapsefree survival and overall survival (26) . Autocrine PRL may explain why decades ago inhibitors of PRL secretion from the pituitary gland were not completely successful treatments for advanced breast cancer (27, 28) . PRLR expression is reported with both estrogen receptor (ER) positive and ER negative breast tumors (4, (29) (30) (31) , the latter of which are associated with poor prognosis.
The role of PRL in cytotoxic resistance in breast cancer cells treated with vinblastine, taxol, cisplatin (32) , paclitaxel (33) , and doxorubicin (32, 33) has been reported in vitro. High serum PRL levels were also found in patients with metastatic breast cancer in association with resistance to taxanes (6) . PRL contributes to in vitro cell survival after chemotherapeutic drug treatment, although the downstream mechanisms are not well understood.
We previously identified the master cancer chaperone heat shock protein 90a (HSP90a) as a PRL-Janus kinase 2 (JAK2)-signal transducer and activator of transcription (STAT) 5b regulated gene in breast cancer cells (30) . We observed that PRL and HSP90a promoted cellular survival of normal mammary epithelial cells and breast cancer cells in a cellular context-dependent manner. We discovered that immortal HC11 cells were more sensitive than breast cancer SKBR3 cells to apoptotic induction when both were overexpressing HSP90a.
The more inducible HSP90a and the more constitutive HSP90b are produced from two distinct genes with high homology and have some reported differential functions but are collectively known as HSP90, the master cancer chaperone (34, 35) . HSP90 expression is elevated in breast cancers and correlated with decreased patient survival (36) (37) (38) . HSP90a is associated with cellular transformation (39) and invasion (40) . HSP90a clients are involved in pathways responsible for cancer cell survival, cell cycle control, and DNA repair, and inhibitors of HSP90 (HSP90a and HSP90b), such as 17-allylamino-17-demethoxygeldanamycin (17-AAG) (tanespimycin), have been used in clinical trials for breast and other cancers (35, (41) (42) (43) (44) (45) (46) . The inhibitor BIIB021 is a synthetic nonansamycin HSP90 inhibitor also in clinical development and has the advantage of being able to be administered orally (47) . These clinically tested inhibitors interact with the adenosine triphosphate binding pocket of HSP90, resulting in destabilization and degradation of virtually all client proteins (41, 45, 46) . HSP90 inhibitors bind specifically and preferentially to HSP90 proteins in cancerous cells rather than normal cells (48) and preferentially in tumor-initiating cells (49) .
Recent studies have shown that the activation and stability of JAK2 depend on HSP90 and that JAK2 is a bona fide client protein of HSP90 chaperone complex in leukemia cells (50, 51) . It is known that HSP90 client proteins (i.e., substrates of HSP90) depend on HSP90 for maturation or stability, and inhibition of HSP90 will result in their loss due to proteolytic degradation (45) .
HSP90 is intricately involved in the DNA damage response by chaperoning key proteins of different response and repair pathways, including XRCC1 (52), breast cancer-1 (BRCA1) (53) , checkpoint kinase-1 (54), ataxia telangiectasia-and RAD3-related protein (ATR) (55) , and the Mre11-Rad50-Nbs1 (MRN) complex (56) . Ataxia-telangiectasia mutated kinase (ATM) and other family members such as ATR and DNA-dependent protein kinase catalytic subunit (57) are sensitive to HSP90 inhibition (58) indirectly via its interaction with telomere maintenance-2 (TEL2) (58, 59) , which forms a scaffold for HSP90 chaperone interaction (57) . Inhibition of HSP90 results in degradation of the DNA damage response proteins, which leads to deficits in DNA repair. HSP90 was shown to be essential for ATM to become a functionally mature protein (58, 60) , although at maturity the cochaperone complex was no longer needed (58) .
ATM is a central mediator (61) in response to 10% to 20% of the cell's double-strand DNA breaks (62) , particularly those in heterochromatin (63) or those with blocked ends (64) . Blocked double-strand breaks arise naturally or in the presence of topoisomerase II poisons, such as etoposide and doxorubicin, which result in stabilized intermediate complexes created by topoisomerase activity. Topoisomerase activity is necessary to relieve the topological constraints created during replication or transcription, by creating a controlled double-strand break (65) . The intermediate complexes created by topoisomerase II poisons contain topoisomerase II covalently bonded to the cleaved ends of the DNA, which would normally be quickly resolved. The stabilized intermediate contains peptidic DNA ends that equate to the blocked ends of the double-strand break. This ATMbased repair pathway of these blocked ends is important for cell survival and genomic stability (64) .
In light of previous studies that indicate PRL contributes in vitro to increased survival in the presence of DNA-damaging agents, we aimed to test the hypothesis that PRL signaling interacts with the DNA damage response in an HSP90-mediated manner. As described below, our observations identify a HSP90-based mechanism by which PRL and ATM increase cell viability and clonal growth despite DNA-damaging anticancer agents.
Materials and Methods

Materials
Recombinant human PRL (hPRL) and the PRLR antagonist D1-9-G129R-hPRL were produced and chromatography-purified as previously described (66) . Ovine prolactin (oPRL), doxorubicin, etoposide, and 17-AAG were purchased from SigmaAldrich (Oakville, ON, Canada). KU55933 (Tocris, Minneapolis, MN), G6 (NSC33994), and BIIB021 (Selleck Chemicals, Houston, TX) were resuspended in appropriate amounts of dimethyl sulfoxide (DMSO).
Antibodies
We used the following antibodies: monoclonal antiextracellular PRLR domain (1A2B1; Thermo Fisher Scientific, Wilmington, DE; AB_2533231), rabbit monoclonal antiphosphorylated STAT5 pY694 (E208; Abcam, Toronto, ON, Canada; AB_778105), rabbit anti-STAT5 (Cell Signaling Technologies, Beverly, MA; catalog no. 9363S; AB_10693321) or mouse anti-STAT5 (BD Biosciences, Mississauga, ON, Canada; catalog no. 61092; AB_397591), rabbit anti-histone H3 (Millipore, Etobicoke, ON, Canada; AB_991678), rabbit anti-phosphorylated-ATM-protein kinase pS1981 (Epitomics; clone EP1890Y; Cedarlane, Burlington, ON, Canada; AB_368161), mouse anti-ATM monoclonal antibody (clone 2C1; Gene Tex, San Antonio, TX; AB_368161), rabbit anti-HSP90a (catalog no. SPS-771; StressGen, Victoria, BC, Canada; AB_1534201), mouse anti-growth factor receptor-bound protein 2 (GRB2) (clone 81/GRB2; BD Biosciences; AB_397517), anti-JAK2 D2E12 rabbit monoclonal antibody (Cell Signaling Technologies; catalog no. 3230; AB_2128522), horseradish peroxidase (HRP)-conjugated goat anti-rabbit (Bio-Rad, Mississauga, ON, Canada), and HRP-conjugated goat anti-mouse secondary antibody (Bio-Rad).
Cell culture and cell lines
PRL-responsive SKBR3 (HER2 overexpressing, p53 mutant) and MCF7 (estrogen receptor+, p53 wild type) human breast cancer cell lines, obtained and authenticated from American Type Culture Collection, were used within 6 months when revived from frozen storage. They were maintained in Dulbecco's modified Eagle medium (Invitrogen, Burlington, ON, Canada) and supplemented with 10% fetal bovine serum (PAA Laboratories Inc., Etobicoke, ON, Canada), 100 mg/mL streptomycin and 100 U/mL penicillin, 2 mM L-glutamine (Invitrogen), and, for MCF7, also 10 mg/mL insulin (BD Biosciences). L3 cells were a gift from Dr. Susan Lees-Miller (University of Calgary).
Slope and intercept experiments
Cells were plated at 5000 cells per well of a 96-well plate for 24 hours, followed by treatment or vehicle with doxorubicin for 2 hours with 48 hours of recovery. Cells were counted with trypan blue exclusion or WST-1 assay. The percentage cell survival from WST-1 assay was entered into GraphPad Software (GraphPad Software, San Diego, CA), best-fit values of slope and intercept were calculated with a linear regression model, and P values were calculated from the F test.
WST-1 cell proliferation assay
Cells were seeded at 5000 cells per well into 96-well cell culture plates for 12 hours, before pretreatments of PRL or inhibitor (17-AAG, BIIB021, Ku55933) for 24 hours (or 12 hours for G6) followed by 2 hours doxorubicin treatment with or without PRL or inhibitor as indicated. Doxorubicin was removed and cells recovered for 48 hours with or without PRL or inhibitor. Control cells were treated with appropriate amounts of vehicle, phosphate-buffered saline (PBS), or DMSO. WST-1 reagent (Roche, Laval, QC, Canada) was added to each well according to the manufacturer. The surviving fraction was calculated from pooled experiments and surviving cells presented as a percentage of the untreated vehicle controls that were set to 100%.
Inhibition of PRL signaling
SKBR3 breast cancer cells (1 3 10 6 ) were plated into 10-cm cell cultures dishes 2 days before the experiment. After 24 hours of cell culture, cells were subjected to starvation in serum-free medium for a maximum of 16 hours. Immediately after starvation, cells were treated with oPRL (5 mg/mL) or D1-9-G129R-hPRL (5 mg/mL) for 1 hour or left untreated.
Whole cell lysate extract with NP-40 buffer
To prepare cell extracts to detect phosphorylated ATM (p-ATM), ATM, HSP90, and GRB2, SKBR3 or MCF7 cells were washed twice with 13 PBS and scraped into 1.5-mL microcentrifuge tubes. After centrifugation at 12,000 rpm for 10 minutes at 4°C (Eppendorf 5415R microcentrifuge), the supernatant was removed. The pellet was resuspended in 1% NP-40 lysis buffer containing 1% Nonidet-P-40, 50 mM Tris-HCl pH 7.5, 5 mM EGTA, and 200 mM NaCl. Protease and phosphatase inhibitors were freshly added as follows: 1 mM sodium vanadate (Sigma-Aldrich), 20 nM phenylarsine oxide (EMD Millipore), 1 mg/mL leupeptin (EMD Millipore), 0.5 mg/mL aprotinin (Sigma-Aldrich), 100 mM phenylmethylsulfonyl fluoride (SigmaAldrich), 1 mM dithiothretiol (Fermentas), and 1 mg/mL pepstatin (Sigma-Aldrich). The extracts were incubated for 20 minutes at 4°C followed by centrifugation at 12,000 rpm for 10 minutes at 4°C. The supernatant was snap frozen.
Protein extraction and sodium dodecyl sulfate polyacrylamide gel electrophoresis
Extracts for the detection of the PRLR were prepared with Complete Lysis M Buffer (Roche) and protease inhibitors (Roche; catalog no. 04719956001), as per the manufacturer's protocols.
To prepare whole cell extracts to detect JAK2, cells were washed twice with PBS and scraped in sample buffer containing 2% [weight-to-volume ratio (w/v)] sodium dodecyl sulfate, 10% (w/v) glycerol, 100 mM dithiothretiol, 0.02% (w/v) bromophenol blue, 1 M Tris-HCl pH 6.8, followed by sonication three times for 5 seconds with a 5-second interval (Fisher Scientific 60 Sonic Dismembrator) on ice. Protein concentration was determined, and proteins were snap frozen.
Nuclear proteins (67) were resolved on a triple gel system with one layer of 15% acrylamide resolving gel at the bottom, one layer of 8% acrylamide resolving gel, and one layer of 5% acrylamide stacking gel (30) .
Western blot analysis
To detect phosphorylated STAT5 (p-STAT5), the membrane was incubated overnight at 4°C with a rabbit monoclonal antibody against pY694, diluted 1:1000 in 5% bovine serum albumin (BSA) in 0.05% Tris-buffered saline and polysorbate 20 (TBST). Alternatively, p-STAT5 was detected with HRPconjugated goat anti-rabbit secondary antibody and enhanced chemiluminescence (ECL) (30) . The membrane was stripped (100 mM 2-mercaptoethanol, 2% sodium dodecyl sulfate, 62.5 mM Tris-HCl pH 6.8) at 60°C for 30 minutes with gentle agitation, then washed with 0.05% TBST. To detect STAT5, the membrane was incubated overnight at 4°C in mouse anti-STAT5 antibody diluted 1:1000 in 5% BSA in TBST 0.05% and detected with HRP-conjugated goat anti-mouse secondary antibody and ECL (30) .
To detect p-ATM, the membrane was incubated overnight at 4°C with rabbit anti-ATM protein kinase pS1981, diluted 1:5000 in 0.1% gelatin in 0.1% TBST. The next day p-ATM was detected with HRP-conjugated goat anti-rabbit secondary antibody and ECL. To detect ATM, the stripped membrane was incubated overnight at 4°C in mouse anti-ATM monoclonal antibody diluted 1:3000 in 1% BSA in TBST 0.1% and detected with HRP-conjugated goat anti-mouse secondary antibody and ECL.
To detect HSP90a, the membrane was incubated overnight at 4°C with rabbit anti-HSP90a diluted 1:5000 in 15% BSA in 0.05% TBST.
To detect GRB2, the membrane was incubated overnight at 4°C with mouse anti-GRB2, diluted 1:5000 in 3% BSA in 0.05% TBST before detection with an HRP-conjugated goat anti-mouse secondary antibody and ECL.
JAK2 and the PRLR (1:1000) were detected according to manufacturers' protocols.
Quantification of Western blots
ImageJ software was used to quantify the signal intensity on the Western blot images (68) . Alternatively, the Amersham Imager 600 (GE Healthcare Life Sciences) was used.
Knockdown with short interfering RNA 
Quantitative polymerase chain reaction
All primers were designed with the NCBI Primer-BLAST program. Operon's Oligo Analysis Tool was used to detect possible primer dimmers, and self-complementation was identified with IDT's OligoAnalyzer. The desired primers were obtained from University of Calgary DNA Synthesis Laboratory (Calgary, AB, Canada).
Quantitative polymerase chain reactions (qPCRs) were carried out with iTaq Universal SYBR Green Supermix (BioRad) with 1 mL each of forward and reverse primer (final primer concentration of 10 mM) and 1 mL cDNA and brought up to 20 mL with double-distilled H 2 O. Each reaction was performed in triplicate, pipetted into 96-well polymerase chain reaction plates (Bio-Rad), and sealed with optical sealing tape (Bio-Rad). Reactions were cycled on the Bio-Rad iQ5 Real-Time PCR Detection System (University of Calgary).
Primer sequences for ATM were as follows: forward primer 5 0 -CTGTGCAGCGAACAATCCCA-3 0 and reverse primer 5 0 -TAACCAGTTGCCACAAACCCT-3 0 , with an expected amplicon of 70 base pairs. ATM amplification was performed according to the following protocol: 95°C for 2 minutes, 40 cycles of 95°C for 10 seconds, 58°C for 30 seconds, 78°C for 20 seconds, and a final extension step of 72°C for 10 minutes.
Primer sequences for JAK2 were designed as follows: forward primer 5 0 -TACCTCTTTGCTCAGTGGCG-3 0 and reverse primer 5
0 -ACTGCCATCCCAAGACATTC-3 0 , with an expected amplicon of 95 base pairs. JAK2 amplification was performed according to the following protocol: 95°C for 2 minutes, 40 cycles of 95°C for 10 seconds, 58°C for 30 seconds, 78°C for 20 seconds, and a final extension step of 72°C for 10 minutes.
YWHAZ primer sequences are as follows: forward primer 5 0 -AGTCGTACAAAGACAGCACGTAA-3 0 and reverse primer 5 0 -AGGCAGACAAAGGTTGGAAGG-3 0 , with an expected amplicon of 138 base pairs. The following protocol was used for amplification of the YWHAZ gene: 95°C for 2 minutes, 40 cycles of 95°C for 10 seconds, 60°C for 30 seconds, 78°C for 20 seconds, and final extension step of 72°C for 10 minutes.
Combination index
MCF7 cells were plated into 96-well cell culture plates. Cells were pretreated with KU55933 or BIIB021 for 24 hours, followed by 2 hours of doxorubicin treatment in the presence of inhibitors. Fixed concentrations of BIIB021 (400 nM and 800 nM) and KU55933 (10 mM and 20 mM) were used with threefold increasing concentrations of doxorubicin during drug combination treatments. All drugs were removed from the media except KU55933 during the 48-hour recovery time. Cell viability was assessed with the WST-1 cell viability assay. All treatments were normalized to vehicle controls.
The cell viability results from drug treatments alone and in combination were entered into the CompuSyn program (ComboSyn, Inc.) of Chou (70) Collagen three-dimensional cell viability assay SKBR3 and MCF7 (4.5 3 10 5 ) cells were plated into 6-cm dishes for 24 hours, before pretreatment of 25 ng/mL hPRL for 24 hours, followed by 2 hours of doxorubicin treatment (1 mM) or vehicle with hPRL or vehicle. Doxorubicin was removed and 5000 cells were transferred to three-dimensional (3D) culture of 2.8 mg/mL type I rat tail collagen (Corning, VWR, Mississauga, ON, Canada) in 96-well plates, prepared as per the manufacturer's instructions, in the presence of 25 ng/mL hPRL or vehicle. The cells recovered for 48 hours with PRL or vehicle in high-density collagen. Control cells were treated with appropriate amounts of PBS or DMSO. WST-1 reagent was added to each well according to the manufacturer. The surviving fraction was calculated by normalization to the control conditions and expressing surviving cells as a percentage of the untreated controls set to 100%.
Collagen 3D cell viability assay with siRNA transfected cells MCF7 or SKBR3 cells, were plated at 2.5 3 10 5 cells per well into six-well plates and next day transfected with siATM or siNT as described above. After 48 hours of transfection, cells were pretreated with hPRL (25 ng/mL) for 24 hours, followed by 2 hours of doxorubicin (2 mM for MCF7 cells, 3 mM for SKBR3 cells) treatment with hPRL or vehicle. After doxorubicin treatment, cells were transferred to 3D collagen gels in 96-well plates, and viability was assayed by WST-1 assay after 48 or 96 hours, as described above.
Statistical analysis
Statistical significance was tested with a paired Student t test with a two-tailed distribution and considered significant at P , 0.05. Alternatively, a one-way analysis of variance (ANOVA) was used with posttesting, and results were considered significant at P , 0.05.
Results
PRL increases the resistance of breast cancer cells to DNA-damaging agents
To introduce DNA damage, we used the topoisomerase II poisons doxorubicin and etoposide (71) , which result primarily in double-strand DNA breaks (72) and single-strand breaks (73) , respectively, and produce blocked double-strand lesions (64) . Despite the predominance of single-strand breaks, it is believed that etoposide-induced toxicity is due to the double-strand breaks (73) . We treated two PRL-responsive breast cancer cell lines (SKBR3 and MCF7) with a range of doxorubicin and etoposide concentrations known to induce DNA damage and investigated ATM phosphorylation at serine-1981, which is indicative of the doublestrand DNA damage response (74) . SKBR3 ( Fig. 1A and 1C) and MCF7 ( Fig. 1B and 1D ) were treated with increasing doses of doxorubicin or etoposide. Increasing amounts of p-ATM were detected across the dose ranges, indicating that both cell lines responded to the DNA damage induced by the topoisomerase II poisons.
We next assessed cell viability by using the WST-1 assay. The WST-1 assay has been used to measure cell viability after treatment with toxic compounds, such as chemotherapeutics, including the HSP90 inhibitor 17-AAG, in cell lines such as MCF7 (75) . As a control to compare any differences between this mitochondrial cell viability assay and the number of surviving cells, based here on trypan blue exclusion, MCF7 and SKBR3 cells were treated with doxorubicin, and the cell viability was measured with the WST-1 assay or viable cells were counted under light microscopy after 48 hours. There was no difference between the slopes of each assay for SKBR3 ( Fig. 2A ) or MCF7 cells (Fig. 2B) . The difference in percentage survival of the control illustrates that the WST-1 viability assay is sensitive to cell death induced by doxorubicin and allows a consistent and high-throughput analysis.
To determine whether PRL could increase the viability of cells treated with DNA-damaging agents, as previously observed with doxorubicin (32, 33), we pretreated the cells with or without PRL before introducing DNA damage and maintained the cells in the presence or absence of PRL throughout the experiment as per the initial treatment. We first tested oPRL, which increased cell viability across all concentrations of doxorubicin. oPRL increased cell viability in doxorubicin-treated SKBR3 cells by #9% (Fig. 2C ) and in doxorubicin-treated MCF7 cells, by #13% (Fig. 2D ) compared with doxorubicin treatment alone. Because oPRL is prepared from a pituitary source and may contain additional hormones, we aimed to confirm these findings with a pure preparation of recombinant hPRL. Human PRL receptors are 10 times more sensitive to hPRL than to oPRL (76) . We used a dose of hPRL, 25 ng/mL, that is representative of high-normal serum levels associated with elevated breast cancer risk (77) (78) (79) . Human PRL was also able to increase the viability of doxorubicin-treated SKBR3 cells by #14% (Fig. 2E ) and in doxorubicin-treated MCF7 cells #12% (Fig. 2F) . Overall, the MCF7 cell line was more resistant to doxorubicin than the SKBR3 cell line. Both oPRL and hPRL increased the viability of breast cancer cells treated with doxorubicin, consistent with levels previously reported (32, 33) .
We additionally treated breast cancer cells with single doses of etoposide and investigated their response to oPRL. Based on dose-response studies (80), we chose a concentration of etoposide that would reduce viability tõ 80% for each cell line. SKBR3 cells were again more sensitive to etoposide than MCF7 cells. PRL treatment resulted in increased cell viability by #18% in SKBR3 cells (Fig. 2G ) and by #15% in MCF7 cells (Fig. 2H ) treated with 2 mM or 10 mM etoposide, respectively. Together these data support our hypothesis that PRL increases the viability of breast cancer cells treated with DNA-damaging topoisomerase II poisons.
DNA damage resistance is mediated by the PRLR
To determine that the PRL-induced resistance to topoisomerase II poisons was specific to the PRLR, we used the pure PRLR antagonist D1-9-G129R-hPRL (66) . Both SKBR3 and MCF7 cells have similar amounts of the long full-length and short 1b PRLR isoforms, but SKBR3 cells contain greater levels of the intermediate isoform (Fig. 3A) . We first assessed the phosphorylation of STAT5 as a readout of the PRL-JAK2-STAT5 pathway (81) . Given the 10-fold lower sensitivity of the human PRLR to oPRL (76) , the equimolar concentration of PRLR antagonist and oPRL used in these experiments resulted in a functional excess of antagonist. p-STAT5 was detected by Western blot in the nuclear fraction of PRL-treated cells and was barely detected in the nuclear fraction of cells treated with D1-9-G129R-hPRL alone or with PRL (Fig. 3B) , indicating the PRLR antagonist could compete with oPRL. The results indicate that the PRLR antagonist D1-9-G129R-hPRL reduces PRL-JAK2-STAT5 signaling, as a readout of PRLR activation. 5 mg/mL oPRL or (E and F) 25 ng/mL hPRL for 24 hours, followed by 2 hours of DOX treatment, with or without PRL, then a 48-hour recovery with or without PRL as indicated in the WST-1 assay. Graphs represent pooled experiments (C) n = 6, SKBR3; (D) n = 5, MCF7; (E) n = 6, SKBR3; (F) n = 12, MCF7. Data were analyzed with a one-way ANOVA followed by Bonferroni posttests. Cell viability (WST-1) assay showing PRL-mediated resistance to etoposide (ETO) treatment in (G) SKBR3 and (H) MCF7 cells. Cells were pretreated or not with 5 mg/mL oPRL for 24 hours followed by 2 hours of ETO treatment at the concentration indicated, then a 48-hour recovery, all in the presence or absence of PRL. Graphs represent six pooled independent experiments. Viability of untreated cell cultures was set to 100%. Student t test used in analysis. Error bars represent standard deviations, and they are not visible if smaller than symbol size. Statistically significant analysis: *P , 0.05; **P , 0.01; ***P , 0.001.
To test whether the PRLR antagonist D1-9-G129R-hPRL prevented the PRL-mediated resistance to doxorubicin, SKBR3 cells were pretreated with oPRL (or vehicle) or D1-9-G129R-hPRL (or vehicle) for 24 hours, then 2 hours with increasing concentrations of doxorubicin, with a 48-hour recovery period 6 PRL or D1-9-G129R-hPRL (Fig. 3C) . Viability was assessed by WST-1 assay. The impact of PRL or the PRLR antagonist alone on viability was minimal (Fig. 3D) . We observed that PRL increased the viability of cells treated with doxorubicin over the lower concentrations of doxorubicin (Fig. 3E) , as expected, but the effect was abrogated in the presence of the PRLR antagonist (Fig. 3F) . PRL could not overcome the decrease in cell viability after doxorubicin treatment when in the presence of the PRLR antagonist. Therefore, PRL-mediated resistance to the chemotherapeutic requires activation of the PRLR. We next investigated the downstream molecular mechanism.
HSP90 inhibition abrogates PRL-mediated resistance
Given the roles of HSP90a in cellular survival and as a PRL-STAT5 target gene, its role in PRL-mediated resistance to DNA-damaging agents was investigated. We chose a concentration of 17-AAG that resulted in a #20% reduction in viability in both cell lines: 15 nM Western blot of nuclear extracts (10 mg/well) of SKBR3 cells starved in serum-free media for 16 hours then treated with 5 mg/mL oPRL or 5 mg/mL D1-9-G129R-hPRL PRLR antagonist (Antag) for 1 hour or left untreated, probed for p-STAT5, STAT5 (rabbit-anti-STAT5), and histone-H3 (HH3) (loading control). (C) A general schematic for treatments used in WST-1 assays including a 24-hour pretreatment, 2 hours of TOPOII poison, followed by a 48-hour recovery period. (D, E, and F) WST-1 assays using SKBR3 cells pretreated or not with 5 mg/mL oPRL 6 D1-9-G129R-hPRL for 24 hours followed by 2 hours of doxorubicin (DOX) treatment, with or without PRL or D1-9-G129R-hPRL, then a 48-hour recovery with or without PRL or D1-9-G129R-hPRL as indicated. (D) The effect of oPRL or PRLR antagonist alone. (E) The effect of DOX 6 PRL and (F) the effect of DOX + Antag 6 PRL. Graphs represents pooled experiments, n = 12. Data were analyzed with a one-way ANOVA followed by Bonferroni posttests. *P , 0.05; **P , 0.01; ***P , 0.001.
in SKBR3 and 100 nM in MCF7. SKBR3 cells were much more sensitive to 17-AAG than MCF7, based on doseresponse curves (80) . Cells were treated as in Fig. 3C , with 17-AAG added in the pretreatment 6 oPRL, followed by 2 hours of doxorubicin treatment, and 48 hours of recovery 6 PRL. Individual treatments of PRL and the HSP90 inhibitor 17-AAG, using the WST-1 assay, are shown for SKBR3 (Fig. 4A) and MCF7 (Fig. 4D) . PRL increases cellular viability in the presence of doxorubicin for SKBR3 (Fig. 4B) and MCF7 (Fig. 4E) . Although 17-AAG did not interfere with the PRL-mediated increase in survival in SKBR3 cells (Fig. 4C) , treatment of MCF7 cells with 17-AAG reduced the PRL-mediated resistance of MCF7 cells to doxorubicin (Fig. 4F) . We also tested a second HSP90 inhibitor, BIIB021 (also known as CNF2024), in place of 17-AAG in MCF7 cells. The concentration of 800 nM BIIB021 was chosen (Fig. 4G) based on a dose-response curve (82) , and BIIB021 reduced PRL-induced survival. Human PRL increased the viability of doxorubicin-treated cells across all five concentrations (Fig. 4H ), but its effect was strongly reduced in the presence of BIIB021 (Fig. 4I) . Taken together, these results indicate that HSP90 is involved in the PRL-PRLR-mediated resistance to DNA-damaging chemotherapeutics such as doxorubicin.
JAK2 protein levels decrease with 17-AAG treatment
To test the hypothesis that JAK2 is dependent on HSP90 as a chaperone also in breast cancer cells, MCF7 breast cancer cells were treated or not with the HSP90 inhibitors 17-AAG and BIIB021 in the presence or absence of PRL for 24 hours, followed by 2-hour doxorubicin (0.2 mM) treatment, to replicate the conditions used in our previous experiments (Fig. 3C) . Protein levels of JAK2 and the loading control GRB2 were detected by Western blot and quantified. Protein levels of JAK2 decreased with 17-AAG (Fig. 5A and 5B), irrespective of the presence of doxorubicin or PRL, and also decreased with BIIB021 treatment (Fig. 5C and  5D ). The levels of JAK2 messenger RNA (mRNA) were unaffected by PRL, doxorubicin, 17-AAG, or a combination thereof (Fig. 5E ). These data indicate that JAK2 is dependent on HSP90 as a chaperone in breast cancer cells and that JAK2 protein levels are reduced in the presence of HSP90 inhibitors.
JAK2 contributes to PRL-mediated cell viability after DNA damage
To test whether the decrease in JAK2 protein levels and therefore decreased activity affects PRL-mediated cell viability, we used the JAK2 inhibitor G6 (83) in cell viability assays. The inhibition of JAK2 kinase activity was confirmed by Western blot after 12 hours of treatment, with p-STAT5 used as a readout. The results showed a decrease in p-STAT5 levels starting at 12.5 mM and almost complete inhibition at $25 mM (Fig. 6A) . Under the conditions established in the Western blot assays, the dose-response of G6 on cell viability was tested with the WST-1 assay. The results showed a significant decrease in cell viability starting at concentrations $12.5 mM (Fig. 6B) . The concentration (25 mM) of G6 was chosen that inhibited JAK2 activity and resulted in 80% cell viability for the next experiment. To investigate whether JAK2 is involved in the PRL-increased cell viability after DNA-damaging agents, MCF7 and SKBR3 cells were pretreated for 24 hours with 25 ng/mL hPRL and 12 hours with 25 mM G6, followed by 2 hours of doxorubicin treatment, as described in Fig. 3C , but pretreating with G6 for only 12 hours because of the sensitivity of the cells to the inhibitor. Cell viability was determined by a WST-1 assay after 48 hours of recovery time with or without PRL. PRL treatment alone increased the viability and G6 alone reduced viability significantly when compared with the vehicle controls in both MCF7 (Fig. 6C) and SKBR3 cells (Fig. 6F) . There is a PRL-independent effect of JAK2 on survival. The results showed that PRL increased the cell viability in the presence of doxorubicin in both MCF7 (Fig. 6D ) and SKBR3 cells (Fig. 6G) , and this increase was completely abolished with JAK2 inhibition in both MCF7 (Fig. 6E) and SKBR3 cells (Fig. 6H) . Because PRL cannot overcome JAK2 inhibition, this suggests JAK2 is involved in the PRL-mediated increase in cell viability in doxorubicin-treated breast cancer cells.
p-ATM is dependent on the chaperone HSP90
Given that ATM would probably respond to the double-strand DNA breaks induced by doxorubicin and etoposide, and given the previous reports that ATM was dependent on HSP90 chaperone functions, we tested the stability of p-ATM and ATM in the presence of HSP90 inhibitors. MCF7 cells were pretreated or not with 17-AAG at threefold increasing concentrations for 24 hours, followed by 2 hours of 0.2 mM doxorubicin or vehicle, and protein extracts were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and probed for ATM, p-ATM, HSP90a, and GRB2 via Western blotting. There is a small amount of p-ATM in MCF7 cells in the absence of exogenously induced DNA damage, perhaps indicative of genomic instability of the cancer cells. The ATM and HSP90a signals were normalized to that of GRB2. Fold change, in the presence of doxorubicin and 17-AAG, was calculated with respect to doxorubicin treatment alone. Total ATM and p-ATM levels decreased at 17-AAG concentrations of $9 mM (Fig. 7A-7C ). Levels of HSP90a were not affected by 17-AAG (Fig. 7A) . The levels of ATM mRNA were unchanged by the treatments (Fig. 7D) . We also observed a reduction in ATM and p-ATM protein levels in DNAdamaged SKBR3 cells upon treatment with the HSP90 inhibitor ( Fig. 7E-7G ). These results confirm previous reports that ATM and p-ATM are dependent on HSP90 in cells that have been exposed to DNA damage.
ATM is involved in PRL-mediated cell viability and clonogenic growth after DNA damage
To investigate whether ATM is involved in PRLenhanced cell viability, MCF7 and SKBR3 were treated with ATM inhibitor KU55933 at 10 mM, a concentration chosen from the literature where tumor cell lines (e.g., HeLa, PC-3, MDA-MB-463) were tested in conjunction with DNA-damaging chemotherapy agents (e.g., doxorubicin, etoposide) (84) . Cells were pretreated with 25 ng/mL hPRL or 10 mM KU55933 for 24 hours followed by 2 hours of doxorubicin treatment. Cells recovered in the absence of doxorubicin and the presence of KU55933 or PRL, consistent with the first treatment conditions for 48 hours (Fig. 3C) . PRL alone increased the cell viability and KU55933 alone decreased cell viability significantly when compared with their vehicle controls in both MCF7 (Fig. 8A) and SKBR3 cells (Fig. 8D) . PRL increased the viability of doxorubicin-treated MCF7 cells (Fig. 8B ) and SKBR3 cells (Fig. 8E) , except in the presence of KU55933 in both MCF7 (Fig. 8C ) and in SKBR3 cells (Fig. 8F) . These data suggest that ATM may be involved in the mechanism of PRL-mediated increase in cell viability.
To confirm our findings, we used siATM in assays that test clonogenic growth. To optimize conditions and determine knockdown efficiency, MCF7 and SKBR3 cells were transfected with siATM or with siNT. According to relative gene expression quantification, ATM gene expression was knocked down .90% by 72 hours in MCF7 (Fig. 9A) and by 48 hours in SKBR3 cells (Fig. 9C) . At the protein level, ATM was greatly reduced by 48 hours after transfection and remained low at 96 hours after transfection in both cell lines (Fig. 9B and 9D) .
Based on the ATM gene knockdown results, a clonogenic assay was designed as follows: MCF7 and SKBR3 cells were transfected with siNT or siATM. At 48 hours after transfection, cells were treated or not with 25 ng/mL hPRL, and 24 hours later cells were treated with doxorubicin for 2 hours. Cells were then counted and transferred to six-well plates with fresh media, with or without PRL, and allowed to form colonies over 10 to 15 days. In the presence of siNT, PRL increased the survival of doxorubicin-treated cells significantly in both MCF7 (Fig. 9E) and SKBR3 (Fig. 9G ) cells. However, in cells transfected with siATM, PRL was unable to increase the clonogenic survival of MCF7 (Fig. 9F) or SKBR3 (Fig. 9H ) cells, with a greater effect in the SKBR3 cells. The results overall indicate that ATM is needed for the PRL-mediated increase in clonogenic cell survival, as well as cell viability, in breast cancer cells after DNA damage.
Doxorubicin synergizes with the HSP90 inhibitor BIIB021 and also with KU55933
Given our observations that the combination of BIIB021 and doxorubicin ( Fig. 4H and 4I ) or KU55933 and doxorubicin (Fig. 8B, 8C , 8E, and 8F) strongly reduced cell viability compared with the drugs alone, we investigated the nature of the interaction between drugs by using CompuSyn to calculate the median effect and CI. We first evaluated the nature of the interaction between doxorubicin and KU55933 in the concentration range used in the experiments, using CompuSyn. The cytotoxicity of doxorubicin and KU55933 was tested on MCF7 breast cancer cells with a WST-1 cell viability assay, and the half minimal (50%) inhibitory concentration values were calculated as 5 mM for doxorubicin and 30 mM for KU55933 (Fig. 10A) . Based on this dose response, two concentrations of KU55933 (10 and 20 mM) that reduced cell viability~20% to 25% were chosen to use as fixed concentration in calculations where doxorubicin was used in threefold increasing concentrations (Fig. 10B) . The results show that there is moderate to full synergism between doxorubicin and KU55933 in the low range of drug doses and slight to moderate synergism at the highest dose of doxorubicin used in our experiments (Fig. 10C and Table 1 ).
Inhibition of HSP90 has been shown to sensitize cells to radiation (56, 85, 86) and doxorubicin-induced DNA damage (87) . Based on our observations that BIIB021 and doxorubicin together strongly reduced cell viability compared with the drugs alone, we investigated this further by using the same viability assays testing the HSP90 inhibitor BIIB021 and doxorubicin in MCF7 cells. Based on dose response curves (Fig. 10D) , the concentrations of BIIB021 (400 nM and 800 nM) that reduced cell viability~20% to 25% were chosen as fixed concentrations in calculations, where doxorubicin was used in threefold increasing concentrations (Fig. 10E) . CI results show that there is full to strong synergism between doxorubicin and BIIB021 at the lower concentrations and slight to full synergism at the highest concentration of doxorubicin (Table 2 and Fig. 10F ).
PRL requires ATM for promoting cell survival after DNA damage in 3D culture
To determine whether our observations extended into 3D cell culture as a more relevant model, we assessed the cellular responses in 3D collagen type I gel culture. To limit exposure to doxorubicin consistent with our previous assays, we plated and treated SKBR3 and MCF7 cells in two-dimensional (2D) cultures with PRL or vehicle for 24 hours, followed by 2 hours of doxorubicin or vehicle treatment before trypsinizing and replating the cells into 3D collagen gels and allowing cells to recover in the presence of hPRL or vehicle. We also observed that PRL was still able to induce cell viability in doxorubicin-treated cells (Fig. 11A and 11B) , consistent with the results in 2D.
Using siATM, we observed that PRL lost its ability to increase cell viability of doxorubicin-treated SKBR3 (Fig. 11C  and 11E ) or MCF7 cells (Fig. 11D and  11F ), compared with cells transfected with siNT. This is consistent with our observations in 2D cultures and indicates that ATM is needed for the PRL-mediated increase in cell viability after DNA damage.
Discussion
We have demonstrated that the PRL-PRLR-JAK2-STAT5-HSP90 pathway increases the viability of cells treated with DNA-damaging agents, such as doxorubicin, in both 2D and 3D culture, and that this effect is dependent on functional ATM. ATM was also needed for the ability of PRL to promote clonogenic survival after DNA damage. This effect is specific to the PRLR, as assessed by using the PRLR antagonist D1-9-G129R-hPRL. We also showed that HSP90 helps mediate this effect, because ATM is dependent on HSP90 for maturation and JAK2 for maturation or stability, and thus HSP90 links the two pathways of PRL signaling and the DNA damage response (Fig. 12) .
We observed differences between the cell lines, in that MCF7 cells were dependent on HSP90 for PRL-mediated increase in viability, whereas SKBR3 cells were not. This finding could indicate that there is a necessary but unidentified HSP90 client in MCF7 cells that depends on HSP90 for stability rather than maturation. Certain HSP90 client proteins are more sensitive to HSP90 inhibitors than other client proteins, and this sensitivity may depend on whether the client protein relies on Figure 8 . ATM inhibition abrogated the PRL-increased cell viability. MCF7 or SKBR3 cells were pretreated with 25 ng/mL hPRL, 10 mM ATM inhibitor KU55933 (KU), or a combination of the two for 24 hours. This was followed by 2 hours of doxorubicin (DOX) treatment with or without PRL or KU and a 48-hour recovery period with or without KU or PRL. Cell viability was determined with a WST-1 assay, and all treatments were normalized to vehicle controls. (A) Single hPRL and KU treatments in MCF7 cells. Combination treatments with (B) DOX 6 hPRL or (C) DOX + KU 6 PRL in MCF7 cells. (D) Single hPRL and KU treatments in SKBR3 cells, (E) DOX 6 hPRL, or (F) DOX + KU 6 PRL in SKBR3 cells. All results represent pooled experiments (n = 18). Data were analyzed with a one-way ANOVA followed by Bonferroni posttests. *P , 0.05; **P , 0.01; ***P , 0.001.
HSP90 for synthesis (maturation) or for continued stability. When a client protein relies on HSP90 for continued stability, the inhibition of HSP90 would be similar to inhibition of their synthesis, and their degradation would relate to their half-life. In this case, as with ATM and possibly JAK2, there is enough protein remaining to carry out their function under the conditions we have used. Another caveat is the occupation of HSP90 by the inhibitor, and given the concentrations and treatment times used in this study, we may have ,100% occupancy in both cell lines and less occupancy in the SKBR3 cells compared with the MCF7 cells (88) .
The difference in sensitivity of SKBR3 and MCF7 to 17-AAG may occur for two reasons. One reason lies in their differing abilities to undergo apoptotic death, because 17-AAG induces a caspase-3-mediated cell death via BAX (89), whereas MCF7 cells do not produce caspase-3 and do not undergo BAX-mediated nuclear fragmentation, although they still undergo BAX-induced cell death (90) . A second reason may be the difference in BRCA1 status; SKBR3 has lower BRCA1 expression than MCF7 cells (91). Cells with low or no BRCA1 are hypersensitive to HSP90 inhibitors such as 17-AAG and undergo mitotic catastrophe (53). These differences in cellular response are possible reasons for the differences in the role of HSP90 in the PRL-mediated viability after DNA damage, in that MCF7 may also rely on a different HSP90 client in the PRL response to overcome DNA damage. Despite these differences, both cell lines relied on PRL-PRLR-JAK2 and the ATM response pathways for cell viability and their clonogenic survival after DNA damage.
The PRLR activates a number of different downstream signaling pathways (92) , which may contribute to cell survival. The PRL-PRLR-JAK2 pathway is implicated in the PRL-mediated increase in viability in response to DNA-damaging agents, because we demonstrated that HSP90 inhibition resulted in markedly decreased JAK2 levels, and JAK2 inhibition also abrogated the PRL-mediated resistance to DNA-damaging agents. Although we observed an intrinsic effect of JAK2 inhibition on cell survival, we also observed that PRL depends on JAK2 to increase cell survival after The fact that HSP90 inhibition leads to JAK2 loss in breast cancer cells is also interesting, given its potential role in PRL-induced mammary cancer initiation but not . Statistically significant difference between DOX and DOX + 10 mM KU, or with DOX + 400 nM BI, is marked above each point with an asterisk. Statistically significant difference (in B and E) between DOX and DOX + 20 mM KU or DOX + 800 nM BI is marked below each point with a filled square. *P , 0.05; **P , 0.01; ***P , 0.001. Data were analyzed with a one-way ANOVA followed by Bonferroni posttests.
maintenance (96, 97) . However, JAK2 mediates signals not only from the PRLR but also from the growth hormone receptor, which is also associated with lymph node metastasis in breast cancer (26) . JAK2 also activates STAT3 (98-100), which is increasingly being recognized for its contributions to breast cancer (101) . STAT3 is constitutively activated in #60% of breast cancers (102, 103) , and it increases tumor growth and increases the metastatic potential of ERBB2 expressing cells (104) . JAK2/STAT3 signaling is also necessary for the growth of stem cell-like CD44 + /CD24 2 breast cancer cells (105) . Therefore, the targeting of JAK2 by HSP90 inhibitors in patients with breast cancer is important on many fronts. The results also point to the potential involvement of the JAK2-STAT5 pathway in mediating the PRL response in breast cancer cells treated with DNA-damaging agents and further supports the identification of HSP90 as part of this signal pathway and function. The promoter of the HSP90a gene contains at least two potential STAT binding elements, which can bind STAT-1, STAT-3, or STAT5, and reporter assays with the promoter indicated that it preferentially was activated by STAT5B (30) . This finding is consistent with the involvement of the JAK2-STAT5B-HSP90a pathway in mediating PRL-induced viability.
Our observation is that PRL-activated JAK2 activation is involved in cellular viability after chemotherapeutic agents, which implicates a role in the cellular resistance to cancer treatment. JAK2 activation of STAT5A downstream of the PRLR has been otherwise associated with differentiation and reduced cellular invasion in breast cancer cells [for discussion and references therein, see (106) ], which supports a protective role for the pathway. It may be that in the context of DNA damage, as induced here by chemotherapeutic drugs, the role of JAK2 favors cellular survival.
STAT5B activation, on the other hand, has been demonstrated to be key to the activation of ATMdependent DNA damage signaling in human papilloma virus-infected cells (107) . The human papilloma virus protein E7 activated STAT5B to promote viral replication. The mechanism by which STAT5B activated ATM was indirect, and the authors demonstrated the importance of the STAT5-mediated transcriptional induction of the peroxisome proliferator-activated receptor g (PPARg). PPARg was key in the activation of ATM and the ATM DNA damage response after infection. Although we did not observe a PRLinduced phosphorylation of ATM in the absence DNA damage (82) , it would be interesting to test the involvement of PRL-STAT5B-PPARg as part of this mechanism.
PRL has been recently implicated in breast cancer cell resistance to cisplatin, vinblastine, taxol (32, 33) , and ceramide (25) , but only a mechanism for cisplatin (114) . HSP90 inhibitors such as 17-AAG and BIIB120 have also been demonstrated to sensitize cells to the doublestrand breaks of irradiation (115, 116) . Inhibition of HSP90 is associated with reduction in homologous repair (53, 117) .
Although we cannot rule out that the PRL response may simply not have been able to overcome the toxicity induced by the combination of the JAK2 inhibitor or the ATM inhibitor and doxorubicin, we also observed synergism that would indicate that these pathways are in parallel. We observed synergism between doxorubicin with the HSP90 inhibitor BIIB021 and also doxorubicin with the ATM inhibitor KU55933. The combinatorial drug function highlights the interaction of these molecular pathways, with HSP90 and ATM in parallel pathways (Fig. 12) . This interaction defines a crosstalk of the PRL-PRLR pathway with the DNA damage response that increases cell viability and clonogenic survival despite DNA damage.
A possible role for the phosphorylated form of HSP90a in maintaining DNA repair foci, after doublestrand DNA damage, was recently identified (118) . HSP90a was phosphorylated in response to DNA damage induced by irradiation and recruited to DNA repair foci. This study demonstrated that HSP90a was important for efficient DNA repair, in particular of more persistent lesions. The reduction of HSP90a by RNA silencing or chemical inhibition also resulted in a decrease in cell survival. Therefore, HSP90 is potentially involved in the double-strand DNA damage response and repair, probably via its chaperoning ability. HSP90 is intricately involved in different DNA damage Figure 11 . ATM is needed for PRL-induced increase in cell viability after DNA damage in 3D culture. Cells were pretreated with 25 ng/mL hPRL or vehicle for 24 hours followed by 2 hours of 1 mM doxorubicin (DOX) treatment (or vehicle) with or without PRL. Cells were transferred to collagen 3D culture and allowed to recover for 48 hours. Cell viability was determined with WST-1 assay, and the treatments were normalized to vehicle controls: (A) SKBR3 or (B) MCF7. For ATM knockdown experiments, (C and E) SKBR3 and (D and F) MCF7 cells were transfected with (C and D) siNT or (E and F) siATM, followed by 24 hours of 25 ng/mL hPRL and 2 hours of DOX treatment (3 mM for SKBR3, 2 mM for MCF7 cells). Cells were transferred to collagen gels to allow recovery for 96 hours (SKBR3) or 48 hours (MCF7). Bars in the graphs represent six independent experiments. Statistically significant analysis by ANOVA: *P , 0.05; **P , 0.01; ***P , 0.001. response pathways, by chaperoning XRCC1 (52), DNA-dependent protein kinase catalytic subunit (57), BRCA1 (53), CHK1 (54), ATR (55), MRN complex (56) , and ATM (57) . ATM has been shown to be responsible for phosphorylating HSP90a after DNA damage (119) . ATM may contribute in a number of ways to cell survival after double-strand DNA damage, such as homologous DNA repair (120) .
We observed that ATM was phosphorylated at serine-1981 at all concentrations of doxorubicin or etoposide treatment in SKBR3 cells, and cytotoxicity was evident at each of those doses. It is known that doxorubicin induces double-strand (predominantly) and single-strand DNA breaks at the low concentrations used in this study (121) . It is also known that doxorubicin induces breaks linearly over the 2-hour time period and also continues to induce DNA damage after its removal (121) . There is not a simple correlation between DNA damage and doxorubicin cytotoxicity. Cytotoxicity for etoposide is related to the doublestrand breaks that it induces, which are in the minority compared with its induction of single-strand DNA breaks. KU55933 has been shown to sensitize cells to the topoisomerase II inhibitors etoposide, doxorubicin, and amsacrine in HeLa cells, which supports our finding (122) .
Conclusions
We have demonstrated that PRL-induced activation of PRLR signaling mediates cellular resistance to the DNA-damaging agents doxorubicin and etoposide, drugs critical for the treatment of breast cancer. We observed pathway interactions based on the drug synergy between doxorubicin and the ATM inhibitor KU55933, and doxorubicin with the HSP90 inhibitor BIIB021. We also observed that ATM was necessary for the PRLinduced clonogenic survival after DNA damage. We have identified a molecular mechanism that involves the PRL-PRLR-JAK2-STAT5-HSP90 pathway and the ATM-based DNA damage response pathway.
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Disclosure Summary: The authors have nothing to disclose. Figure 12 . PRL-JAK2-STAT5-HSP90 contributes to resistance to DNA-damaging agents in breast cancer cells. PRL increases breast cancer cell viability and clonogenic survival in cells treated with the DNA-damaging agent doxorubicin, in a mechanism that involves HSP90 and its potential client proteins JAK2 and ATM. PRL binds to its receptor, activating JAK2 kinase, and JAK2 phosphorylates receptor tyrosines that subsequently become docking sites for STAT5 proteins. Activated p-STAT5 translocates to the nucleus and activates HSP90A gene transcription. HSP90A protein, in a HSP90 complex, stabilizes JAK2 and ATM. An unknown HSP90 client that may contribute is indicated by an X. Shown are the PRLR antagonist, the inhibitors, and siRNA used to interrogate the mechanism.
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